Absfrucr-The first cool-down test of the Large Helical Device (LMD) and the performance of the LHD cryogenic sysPem during the first cycle operation are described. The first cool-down started on Feb. 23, 1998 and finished on Mar. 22. After the cool-down, the excitation tests of the SC coils up to 1.5 T and the firsf cycle operations for plasma physics experiments were conducted until May 18. The first cycle operation was successfully completed after the warm-up process to the room temperature from May 19 to Jun. 15. The cooling characteristics of the LHD, such as temperature distribution during cool-down, heat loads under steady state condition, reliability during long-term operation, are reported.
I. INTRODUCTION
The LHD is the first fully superconducting heliotron type experimental fusion device [ 11. The superconducting coils for the LHD consist of two helical coils (H1 and H2) and three pairs of poloidal coils (IV, IS and OV). The helical and poloidal coils are mounted on the supporting structure in the cryostat. The construction of the LHD started in 1991 and finished at the beginning of 1998. The construction of the He refrigerator was completed at the end of FY 1994. The cooling capacities of the He refrigerator (5.65 kW at 4.4 K, 20.6 kW from 40 K to 80 K and 650 L/h liquefaction, simultaneously) were confirmed by a series of commissioning runs in 1995 [2] . Then the test operations of the He refrigerator were conducted with a dummy load, which could simulate the heat load for the LHD [3].
LHD CRYOGENIC SYSTEM

A. Description of the LHD cryogenic system
The LHD cryogenic system consists of the helium refiigeratorlliquefier, the superconducting helical and poloidal coils, the supporting structure, the LHD cryostat, the control-valve-boxes, the superconducting bus-lines, the current-leads cryostat and the cryogenic transfer-lines, as shown in Fig. 1 [4] . Fig. 2 shows a cooling scheme of the LHD. The helium refrigeratodliquefier can support four different cooling methods; 1) pool boiling for the helical coils and the current leads, 2) forced-flow supercritical helium for the CICC poloidal coils, 3) forced-flow two phase helium for the supporting structure and the superconducting bus lines, 4) forced-flow 40 K -80 K helium gas for the 80 K radiation shields. The composition of the He refrigeratorAiquefier is shown in Fig. 3 . 
LHD Cryostat
Cool-down scenario
We planed the first cool-down of the LHD from 300 K to 4.4 K as a 4-week procedure. The total cold mass in the LHD cryostat is estimated to be 856 tons, and its detail for the poloidal coils and the supporting structures are cooled simultaneously to reduce the thermal stress caused by the temperature difference in each component. The 80 K shields of the LHD cryostat are also cooled with the coils and the supporting structure until the supply gas temperature goes down to 80 K. The cooling flow of the LHD has many parallel paths as shown in Fig. 4 . The temperature controlled cold gas is distributed to each component according to its cold mass. The total mass flow varies from 100 g/s to 550 g/s depending on the temperature. Therefore, the mass flow rate for each component was controlled by giving the set value calculated from the ratio of mass flow rate out of the total mass flow rate.
First cycle operation of the LHD
A. Progress of the first cycle operation
Main events during the first cool-down test are listed in Table 2 . We started the main compressors on Feb. 9, 1998, and continued purifying operation of the cryogenic system until Feb. 22 to remove impurities in helium gas (such as oxygen, nitrogen, water, etc.) less than 2 ppm. The first cool-down started on Feb. 23, and finished on Mar. 22. The coils and the supporting structures were cooled by the temperature controlled helium gas, which was supplied by mixing cold gas and warm gas in the He refrigerator. When the supply gas temperature was higher than 80 K, the cold He gas was generated with a liquid nitrogen heat exchanger (LN2-HXI5). Then the LN2-HX was stopped and the seven turbines (TI -T7) in the He refrigerator were started in turn to produce the cold gas lower than 80 K.
The helical coils became superconducting state on Mar. 17 at 16: 10, while all poloidal coils became superconducting state at 2258, as the supply gas temperature was 8.5 K and the coil outlet temperature was 9.0 K. According to the program, the cool-down was successfully completed within 4 weeks on schedule.
After the cool-down, the excitation tests of the SC coils were successfully carried out up to 1.5 T, which was the operating plasma central field during the first cycle experiments. The excitation tests of the SC coils up to the plasma central field of 3.0 T (nominal value) are planned at the end of 1998.
The first plasma ignition of the LHD was marvelously operated on Mar. 31 without any delay from the schedule. The long-term operation, for the first cycle plasma physics experiments haw been conducted until May 17. On May 18, we conducted an emergency current discharging tests of the SC coils with a decay time constant of 20 sec from the plasma central field of 1.0 T. There was no serious reaction and the cryogenic system could continue to be operated in steady state. The whole cryogenic system was warmed up to the room temperature from May 19 to Jun. 15, as the opposite operation of the cool-down. Fig. 5a shows the first cool-down curves of the LHD. The numbers in Fig. Sa corresponding to the events listed in Table 2 . The helical coils, the poloidal coils, the supporting structure and the 80 K shield of the LHD cryostat were cooled with a small temperature deviation according to the supply gas temperature. Fig. 5b shows the maximum temperature distribution in the cooling objects, which were controlled to be less than 50 K. The supply gas temperature was decreased according to a programmed time chart, and was forced to pause when the maximum temperature distribution in the cooling objects exceeded 50 K by the temperature-distribution-watching program. Fig. 5c shows the temperature gradient for each cooling object. It can be seen in Fig. 5b and 5c that the maximum cooling rate has been achieved by keeping the limit (50 K) for the maximum temperature distribution. To cool all objects at the same time with a small temperature deviation, we have controlled the ratios for each mass flow, which were initially determined according to the cold mass and were modified during the cool down process to reduce the temperature distribution in the cooling objects. Fig. 7 shows the mass flow ratios; each mass flow rate divided by the total mass flow rate. The ratios for the poloidal coils and the helical coils were kept almost constant before starting the turbines. The ratio for the supporting structure was decreased gradually according to the 80 K shield temperature, to increase the mass flow rate for the 80 K shield for compensating its steady heat in-leak. Fig. 8 shows the mass flow ratios of the poloidal coils (PC) and their supporting sleeves (PCS). The pressure drops of the poloidal coils (forced-flow CICC coils without a cooling sub-channel in the conductor) are very high at the temperature higher than 150 K. For example, the pressure drops of OV, IS and IV coils are 0.77 MPa, 0.77 MPa and 0.53 MPa at each mass flow rate of 5.2 g/s, 5.5 g/s and 5.8 g/s, respectively at the coil outlet temperature of 200 K. Therefore, the flow ratios of PCS were increased keeping the total ratio of the poloidal coils at the constant value. Then the coils were indirectly cooled by their PCS.
B. First cool-down performance
C. Controlled cool-down procedure
D. Heat loads
The measured heat loads are listed in Table 3 in comparison with the final design values. Owing to the extensive efforts of designing and developing each component, the total heat load became about half of the initial design value. The measured heat loads were almost the same as the final design value, which confirmed the validity of our design works and the proper construction procedures. 
E. Reliable long-term operation
The long-term steady state operation was carried out from Mar. 23 to May 18 without any critical troubles. The impurities in He gas were removed carefully before the cool down started. Even though, a turbine inlet filter (T1 -T3) was blocked by impurities twice (Ma. 17 and Mar. 23) during the cool down process. The turbine inlet filter could be recovered by warming it up without disturbing the cool down process with a help of the LN2 heat exchanger HX-15. In steady state operation, however, there was no trouble due to the impurities, such as blocking of turbines or the coil inlet filters, choking of control valves, decrease of heat exchanger efficiency, etc.
Two short time interruptions of the steady state operation were inevitable to reset the LHD cryogenic control system (LHD-TESS) due to software bugs, which could not be checked thoroughly before the first cycle operation started because of the extremely tight schedule. The total halt time was only 47 minutes. The LHD cryogenic system demonstrated its high performance and reliability in the first cycle operation. The cooling characteristics were confirmed to be the same as the expected ones from the examination during the design stage. The first cool down was successfully completed within 4 weeks on schedule. All cooling objects were cooled with a small temperature deviation by controlling the mass flow rate ratios of the supplying cold gas. The total heat loads under steady state condition were 1940 W + 434 Llh (1.5 T) at 4.4 K and 12.1 kW at 80 K, which is in the same level as the final design values. The long-term steady state operation was carried for 8 weeks without any critical troubles.
IV. SUMMARY
Current
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